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Abstract 
Rotational flexographic printing is a promising high-throughput technology for the front side metallization of silicon solar cells. 
Very low silver consumption and the possibility to realize narrow contact fingers make this technology particularly interesting for 
multi-busbar solar cells. Within this work, fundamental printing tests have been carried out on a flexographic roll-to-flat machine 
using an experimental anilox roll and elastomeric laser-engraved printing plates. A double printing process with intermediate 
drying step has been applied. Contact fingers down to 33 μm in width and up to 8 μm in height have been realized using this 
technology. Lateral resistances in the range 500 to 1500 Ω/m have been determined by four point measurement method. These 
results underline the capability of flexographic printing for fine line metallization of multi-busbar solar cells.   
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1. Introduction 
Flexographic printing, also referred to as flexography or flexo, is a high-speed rotational printing method, which 
is widely used in graphic arts and package printing on roll-to-roll materials like cardboard, paper or foil. Due to the 
possibility to print a wide range of functional inks on different substrates, this high-throughput technology is 
successfully applied for various printed electronics applications like micro-scale conductive networks [1], printed 
rechargeable zinc-based batteries [2] or roll-to-roll processed polymer solar cell modules [3].   
In flexographic printing, a relief printing plate is used as printing form. The printing plate is mounted onto the 
printing cylinder using an adequate substructure with defined height and compressibility. A steel cylinder with a 
finely textured chromium or ceramic surface, referred to as anilox roll, transfers a specific amount of ink from the 
ink reservoir onto elevated areas of the printing plate (fig. 1 and 2). This characteristic amount of ink is specified as 
dip volume and is defined by the angle, volume and line screening of the engraved cells. The dip volume is denoted 
in cm³/m². Typical dip volumes are in a range between 1.4 and 14 cm³/m², depending on the printing subject [4]. 
Excessive ink is removed by a doctor blade before the anilox roller wets the printing plate with a uniform layer 
thickness. Subsequently, the ink is transferred from the printing plate onto the substrate.  
Due to the compressibility of the printing plate, flexography is particularly well-suited for the transfer of fine 
structures on rough substrates. The relatively low printing pressure, which is required throughout the printing 
process enables flexography exceptionally to print on fragile substrates like silicon wafers. From an economic point 
of view, flexography is highly interesting for solar cell front side metallization as it offers the potential to increase 
the throughput considerably compared to screen printing technology. The ability to realize fine line contact fingers 
further allows a significant reduction of shading losses due to the front side metallization. Also, the low amount of 
transferred ink reduces the consumption of cost-intensive silver on the front side. Using a three busbar solar cell 
layout, only 10 to 15 mg wet ink per wafer is applied on the front side using flexo printing. The low-viscous ink has 
a silver content of approx. 55 to 70 wt%. Thus, silver consumption is reduced to only 5 to 10 mg silver (single 
printing) and approx. 8 to 15 mg (double printing) on the front side.  
Since the first successful feasibility study on small-sized solar cell samples in 2011 [5], flexographic printing has 
been applied exclusively for the transfer of seed layer grids which need subsequent reinforcement by light-induced 
plating (LIP). Using this approach, several studies demonstrated flexo printed seed layer contact fingers down to 25 
μm width on small samples [6] and full scale silicon solar cells [7]. By reinforcing the flexo printed seed layer grids 
with silver (Ag-LIP), conversion efficiencies up to 18.8 % could be achieved [8]. Up to this point, flexographic 
printing was believed to be only applicable for the seed and plate approach. The small amount of transferred ink and 
thus the comparatively high lateral finger resistance prevented a fully flexo printed front side metallization without 
LIP. While this is true for conventional H-pattern solar cells with 2 or 3 busbars, it is not necessarily the case for 
other cell concept which do not require such low lateral finger resistances. Such a highly interesting solar cell 
Fig. 1. Schematic of a flexographic printing platform for 
the metallization of silicon solar cells. 
Fig. 2. Experimental flexographic printing platform 
which has been used for the experiment.  
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concept is the so called multi-busbar, multi-wire or smart wire approach [9; 10]. The usage of multiple busbars 
instead of 3 or 5 busbars significantly reduces the segment length of the contact fingers in between the busbars. 
Thus, high-performance cells can be realized with narrow contact fingers with relatively high lateral finger 
resistances. Consequently, this solar cell concept is very attractive for high-speed printing technologies which enable 
the transfer of narrow contact fingers with low silver consumption. Hashimoto et al. have successfully demonstrated 
multi-busbar solar cells with front side metallization using gravure printing – a printing method which has a lot of 
similarities to flexographic printing [11]. First tests indicated that the lateral finger resistance of flexo printed 
contact fingers might also be sufficient for multi-busbar solar cells. To the author’s best knowledge, no attempt has 
been done so far to use flexographic printing for the front side metallization of multi-busbar solar cells. If the lateral 
finger resistance is still too high after one printing step, a double printing step with intermediate drying can be 
applied.  
In order to realize fine contact fingers using flexographic printing on industrial scale, a profound knowledge and 
optimization of the primarily relevant process parameters is required. Besides machine parameters and ink, the relief 
printing form [12; 13; 14] and the anilox roll [6; 15] and are two major influence factors for the printed finger width 
and the amount of transferred ink onto the substrate. Usually, flexible relief printing plates based on photo-sensitive 
polymers are used as printing form for flexography (fig. 3). Further information about the platemaking process can 
be found in [16]. The printing form is mounted with an adequate compressive substructure onto the plate cylinder. 
The substructure is usually realized as a stack of compressive and incompressive adhesive tapes with defined 
thickness. While printing plates on a photopolymer base perform well on substrates like paper, cardboard or foil, 
they feature several considerable drawbacks for the usage on textured silicon wafers. The lifetime of such printing 
plates is remarkably limited due to constant abrasion by the sharp pyramid peaks of the alkaline texture. 
Furthermore, the photopolymer material is unstable against swelling due to solvents used within silver inks for solar 
cell metallization. Finally, the minimal width of fine lines on photopolimeric plates is limited to 20-30 μm due to 
light scattering effects during the plate exposure. It is also not possible to realize three-dimensional structures like 
so-called undercuts which enable an individual optimization of the local printing pressure for different elements on 
one printing plate (fig. 4). 
 
In contrary, laser-engraved printing plates [17; 18] based on elastomers (fig. 5 and 6) have several advantages. 
The elastomeric base material is chemically stable against most organic solvents, which makes paste development 
much more flexible. Mechanical parameters like tear strength and resistance against mechanical abrasion are 
strongly increased. Other important plate parameters like hardness, surface tension, surface microstructure and 
compressibility can be adjusted individually by a suitable formulation of the elastomer composition. A compressive 
layer can be integrated within the printing plate instead of a compressive substructure to adjust the compressibility 
precisely according to the printing layout.  
Fig. 3: Conventional photopolymer-based flexo 
printing form with H-patternlayout for solar cell 
metallization 
Fig. 4. Principle of an undercut (height difference between printing 
elements) on a flexographic printing plate 
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Finally, the ablative laser-engraving process enables a high-resolution printing relief which can be realized 
completely flexible in all three dimensions. Individual relief profiles or undercuts to adjust the printing pressure for 
individual elements on one printing form can be realized easily.   
 
2. Experimental 
2.1. Experimental setup 
Within this work, fundamental printing test are carried out to evaluate the geometrical and electrical properties of 
flexo double printed fingers. Laser-engraved elastomer printing plates have been manufactured with an adequate test 
layout comprising finger test elements. Furthermore, an experimental anilox roll featuring three parallel band 
sections with different cell screening parameters and dip volumes has been used for the printing test. A double 
printing step with intermediate drying has been applied to increase the layer thickness. The finger test elements are 
analyzed after printing and contact firing by confocal microscopy and scanning electron microscopy regarding 
finger width and height. Lateral resistance of the finger elements is determined by four point measurement method. 
The results are discussed in view of the principal suitability for the front side metallization of multi-busbar solar 
cells using flexographic printing. 
2.2. Flexographic printing platform and printing process 
The printing tests have been carried out using a roll-to-flat flexographic printing machine. This printing machine 
features a vacuum substrate holder to fix the wafer during the printing process. The wafers are placed and removed 
manually before and after each printing step. The position of the vacuum substrate holder perpendicular to the axis 
of the printing cylinder is adjusted by a micrometer spindle which allows a very fine adjustment of the printing 
pressure. The ink is applied by a pipette directly on the anilox roller. Excessive ink is removed by a metal doctor 
blade from the anilox roll. A special half-shell with defined thickness and diameter has been manufactured to ensure 
an incompressible substructure with a defined thickness below the printing form. The half-shell has been mounted 
onto the printing cylinder with double-sided adhesive tape of 100 μm thickness (fig. 7). Subsequently, the elastomer 
printing plate comprising the test layout as described in section 2.6 has been mounted onto the half-shell using 
adhesive tape. The standard anilox roll of the machine has been replaced by the experimental anilox roll as 
described in section 2.5. (fig. 8).Printing speed has been kept constant at vp = 0.3 m/s during the experiment. The 
optimum printing pressure (minimal pressure which is required to print the whole printing image without missing 
areas) has been determined by stepwise adjustment of the vacuum substrate holder. The determined optimum 
Fig. 5. SEM image of a laser-engraved fine line finger test 
element (nominal width 20 μm) on an elastomeric printing 
form 
Fig. 6. SEM cross section view of a finger test element on an 
elastomeric printing form. The printing surface of the finger 
is wetted by the ink during the printing process and printed 
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printing pressure has been kept constant during the printing process. A double printing step with intermediate drying 
has been applied on each wafer to increase the amount of transferred ink and thus the layer thickness respectively 
height of the printed fingers. Therefore, the ink has been dried using an industrial high-temperature blower after the 
first printing step. All solar cells have been dried in a cabinet drier at T = 200°C for 2 minutes directly after printing. 
2.3. Requirements regarding register accuracy and wafer positioning  
When applying a double printing process, register tolerances have to be kept in mind. Most important is the 
lateral or side register, as the contact fingers on the printing form are oriented perpendicular to the axis of the 
printing cylinder and parallel to the direction of printing. Thus, variations of the lateral register could strongly affect 
the resulting finger width as the fingers do not match exactly in the first and second printing step. The 
circumferential register on the other hand is less critical, as it does not affect the finger width.  
Within this experiment, the wafers have been kept in a fixed position by the vacuum substrate holder during the 
whole double printing sequence with intermediate drying. Due to this fixation, register tolerances were in the range 
of approx. ± 5 μm (lateral register) and approx. ± 10 μm (circumferential register). A manual removal and re-
positioning of the wafers after the first printing step would lead to considerably higher register tolerances, as the 
used machine has no automatic register control system.  
Using a roll-to-flat printing method also requires a reproducible position of the print start (first line of printing) 
on the wafer. Such variations of the print start are predominantly caused by tolerances of the wafer position on the 
vacuum substrate holder. Considerable variations of the print start on different wafers could lead to problems in 
subsequent manufacturing processes like module fabrication. Thus, on an industrial scale, the print start position 
should vary not more than ± 50 μm on different wafers. On the used machine this tolerance is probably higher due 
to manual positioning of the wafers on the vacuum substrate holder.  
2.4. Wafer material 
State-of-the-art p-type Cz-Si precursors (industrially pre-produced cells up to anti-reflection coating) with an 
edge length of 156 mm have been used for the experiment. The precursor material features a p-type base resistivity 
of 1-3 Ωcm and a n-type phosphorous doped emitter with an average sheet resistance of 85-90 Ω/sq. The front side 
has been textured by alkaline wet chemical etching and coated with SiNx anti-reflection coating (ARC) by plasma-
enhanced chemical vapour deposition (PECVD).  
2.5. Silver ink 
A silver based ink for flexographic printing has been developed in-house. The ink formulation is based on the 
aerosol ink SISC [19; 20] and contains silver particles for metal-semiconductor contact formation, lead glass as a 
sintering additive, solvents, dispersants and synthetic resin to adjust printability and viscosity as well as further 
additives.  
2.6. Experimental anilox roll 
The experimental anilox roll has been manufactured with three differently engraved sections. Each of the parallel 
sections has a width of 50 mm (fig. 9). The three engraved sections have been varied in respect of line screening 
(cells per cm), screening angle and dip volume. Increasing the dip volume normally results in a higher amount of 
transferred ink on the one hand, but limits the minimal line with which can be printed on the other hand. The line 
screening of the anilox roll also affects the resolution of the printing image and thus the reproduction of narrow lines 
on the substrate. A small dip volume combined with a high line screening is favorable for the reproduction of 
narrow fingers. On the other hand, smaller dip volumes limit the amount of transferred ink and thus presumably the 
lateral conductivity of printed fingers. Hence, a well-balanced compromise between minimal resolution 
(respectively finger width) and amount of transferred ink (respectively lateral conductivity) has to be found.  
 A. Lorenz et al. /  Energy Procedia  67 ( 2015 )  126 – 137 131
Within this experiment, three anilox specifications with relatively high dip volumes have been chosen to transfer 
a large amount of ink and thus generate fingers with low lateral resistance. The parameters of the three band sections 
are listed in table 1.   
 
2.7. Elastomer printing form and test layout 
As printing form, an elastomeric plate type Conti Laserline CSC has been manufactured. The printing plate 
consists of a stabilizing foil with defined thickness as base, a porous layer to enhance the compressibility of the plate 
and the top layer with the laser-engraved test layout. The elevated printing elements are formed by a high-resolution 
laser engraving process which removes the material in the non-printing areas.  
A test layout with different test elements has been designed (fig. 10). The test form consists of three parallel 
sections with identical test elements which correspond to the width of the three band sections on the anilox roll. 
Each section contains fine line elements with a defined length of 10 mm and a nominal width (finger width in the 
digital data) wn between 5 and 50 μm. These elements are intended to determine the finger width after printing and 
firing and the lateral resistance RL by four point measurement. Although the nominal width of the fingers in the 
digital data can be reproduced very precisely during the laser-engraving process, minor deviations between the 
nominal width and the effective width of the engraved finger element on the plate are possible. For reasons of 
simplification the term “nominal finger width” is used in the following to define the width of specific finger 
elements on the printing plate. Furthermore, test elements for contact resistance Rc, various finger geometries and 
test elements for the printing quality are included. Within the current experiment, only the test elements for lateral 
resistance have been considered.  
Regarding plate manufacturing, a flexo specific phenomenon – the so-called “image distortion” has to be taken 
into account. This effect leads to an elongation of the printing image on the substrate due to the distortion of the flat 
printing plate on the bent printing cylinder. This elongation phenomenon is well known in flexographic printing and 
can be compensated in the digital data beforehand [4]. The compensation factor can be calculated with known 
thickness of the plate, the substructure and the diameter of the printing cylinder [4]. By reducing the length of the 
digital layout to this value, an unwanted elongation of the printing image on the wafer can be avoided. 
  
 
Band 
Section Cell type 
Screening  
[cells/cm] 
Angle 
[°] 
Dip Volume 
[cm³/m²] 
 
      
1 
 
Hexagonal 
 
180 
 
60 
 
11.8  
2 
 
Hexagonal 180 60 8.7  
3 Cross-    
diagonal 
120 45 10.1  
      
Table 1. Parameters of the three differentlly engraved sections  of 
the experimental anilox roll used for the printing test. 
Fig. 9. Experimental anilox roll featuring three differently 
engraved band sections with various dip volumes and line 
screenings.  
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2.8. Optical and electrical characterization of the printing results 
The printed and fired fingers have been analyzed regarding finger width wf using an Olympus Lext confocal 
microscope (amplification factor 500x). On every cell, one position on each finger from 5 to 50 μm nominal width 
in each of the three band sections has been carried out, resulting in 120 measurements in total. In order to ensure an 
objective evaluation and comparison of the results, the microscopic images have been automatically evaluated using 
an image analysis algorithm developed at Fraunhofer ISE [21]. The usage of this algorithm ensures a precise and 
reproducible determination of the finger width for all measured samples. Selected cross section samples have also 
been analyzed by scanning electron microscopy (SEM) to determine the height hf of the fingers. Lateral resistance of 
the finger elements has been measured by four point measurement of each individual finger. 120 four point 
measurements have been carried out in total on the same fingers which have been analyzed regarding finger width.  
 
  
Fig. 10. Test layout featuring three sections 
with various test elements  
Fig. 11. Flexo printed test layout on silicon solar cell wafer 
material.  
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3. Results and Discussion 
3.1. Geometrical characterization of finger test elements 
The fine line finger elements on the printing plate are compressed during the printing process depending on the 
applied pressure and the compression properties of the printing plate. This causes a considerable broadening of the 
printed finger width (in relation to the nominal width wn) which is mainly caused by deformation of the fine line 
elements and ink spreading effects [13]. This broadening can be easily calculated as a dimensionless line gain factor 
g with known nominal width wn on the printing form and printed finger width wf by a simple formula: 
 
݃ ൌ 
௪೑
௪೙
          (1) 
 
Previous investigations have shown that typical line gain factors for flexo printed fingers on textured silicion are 
in the range of 2 to 4 [8].  
Figures 12 shows the determined finger widths for the three anilox band sections after printing and firing in 
relation to the nominal finger widths. The smallest contact finger width has been determined with wf,min = 33 μm 
(see fig. 13).  
A considerable influence of the anilox dip volume is clearly visible. Fingers printed with band section 1 show 
line gain factors which are in average 0.3 to 1.3 times higher than fingers printed with band sections 2 and 3. This 
indicates that the amount of transferred ink is too large for band section 1 which is not favourable in order to realize 
narrow fingers. Furthermore, a general relation between the printed finger width and the nominal finger width on the 
printing form is clearly visible. This can be expected, as the nominal finger width usually strongly affects the printed 
finger width. The line gain factor ranges between 1.74 for fingers with 50 μm nominal width and up to 10 for small 
finger elements with 5 μm nominal width. Generally, line gain factor g increases for fingers with smaller nominal 
widths. This can be partly explained by the stronger deformation of narrower finger elements during the printing 
process as the stability against deformation of such narrow elements is much lower. Yet, line gain factor g should 
not exceed a value of 5 even for narrow finger elements. This indicates a considerable ink spreading which might be 
caused by a too large amount of transferred ink especially on narrow finger elements. Thus, an anilox specification 
with a lower dip volume could be beneficial to reduce line gain factor g for narrow fingers. Increasing the viscosity 
of the ink or combining several solvents with specially adapted evaporation characteristics might be another way to 
prevent excessive spreading.   
 
Fig. 12. Printed finger width wf depending on the nominal width wn for 
all three anilox band sections 
Fig. 13. Flexo double printed contact finger (width wf = 33 μm). 
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While band section 1 showed the greatest width, finger widths printed with band section 2 and 3 are very similar. 
Thus, reducing the dip volume and increasing the line screening of the anilox roll could be a promising approach to 
further reduce finger widths.  
3.2. SEM analysis of finger height and shape 
A SEM analysis on selected cross section samples has been carried out to investigate the shape of the fingers. 
Fig. 14 shows a contact finger which has been printed in one step using flexo printing with the same ink. Fig. 15 
illustrates a finger after double printing with intermediate drying. It can be observed that the ink spreads completely 
during the first printing step, resulting in a finger with no considerable layer thickness (fig. 14). The double printed 
finger in contrary shows a clearly visible “core conduction zone” with a higher layer thickness in the central part 
(fig. 15). This core conduction zone is framed by broad “bleed-out zones” with very low layer thickness. This 
characteristic shape of double printed fingers has been observed on all investigated samples. The height of the “core 
conduction zone” has been determined with approx. 5 – 8 μm depending on the specific dip volume and nominal 
width of the examined fingers. It can be concluded that the spreading behavior of the ink seems to be different in the 
first and second printing step. Possible reasons might be capillary effects of the texture and a different wetting 
behavior of the ink on the SiNx surface respectively the previously printed and dried ink layer. To answer these 
questions, a much more detailed investigation of the ink spreading behavior on the texture respectively on the first 
ink layer will be necessary.   
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3. Lateral resistance of finger elements 
The lateral resistance of the printed and fired finger elements has been measured by four point measurement 
method. Using the determined absolute finger resistance Rf and the known distance lp of the measuring pins, mean 
finger resistance per unit length RL,avg can be calculated by the following simple equation: 
 
௙ܴǡ௔௩௚
Ą ൌ
ோ೑ǡೌೡ೒
௟೛
             (2) 
 
Fig. 16 shows the lateral finger resistance per unit length RL,avg for fingers with a nominal width of 15, 30 and 50 
μm for the three anilox band sections.  
The lowest lateral resistance per unit length has been determined with RL,min = 160 Ω/m (anilox band section 3). 
The highest value has been determined with RL,msx = 2105 Ω/m (anilox band section 2). Band section 1 achieved the 
Fig. 15. SEM microstructural analysis of a flexo double-
printed contact finger 
Fig. 14. SEM image of a finger which has been printed in a 
single step using flexo printing with the same ink. 
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highest resistances for narrow fingers with 15 μm nominal width despite of the large anilox dip volume. It is likely 
that the large dip volume of this band section led to an excessive spreading of the low viscous ink, particularly for 
narrow fingers. Thus, in addition to the finger width measurements presented in section 3.1 it can be stated that the 
anilox specification of band section 1 is not favorable in order to realize narrow fingers with low lateral resistances. 
Fine line fingers (nominal width 15 μm) printed with band section 2 and 3 achieved comparable results with lateral 
resistances around 1000 Ω/m.  
 
3.4. Calculation of finger contribution to series resistance and fill factor 
In order to estimate the suitability of flexographic printing for the metallization of multi-busbar solar cells, the 
contribution of the contact fingers to the total series resistance rs of virtually flexo printed multi-busbar solar cells 
has been calculated according to the following equation which is based on [22]: 
 
  ݎ௦ǡ௙ ൌ
ଵ
ଷ
ή ͳͲସ ή ܴ௅ ή ݈௙ ή ܲ ή ሺ݈௙ ൅ ͲǤͷ ή ݓ஻஻ሻ      (3) 
 
 whereby RL represents the lateral finger resistance in Ω/m, lf the half length of the finger segments in between 
the busbars, P the finger pitch and wBB the width of the busbar wires (all in m). The calculation has been carried out 
for typical lateral resistances of flexo printed fingers which have been achieved in the experiment (RL = 500-1500 
Ω/m). Furthermore, the number of busbar wires has been varied between 5, 10, 15 and 20 busbars. The number of 
contact fingers has been optimized for each variation. Finger width has been assumed with wf = 40 μm.  
A linear relationship exists between the series resistance rs and fill factor FF [23]. However, the slope of the 
curve depends on the photo-generated current density jph. For typical industrial solar cells with a series resistance 
below 2 Ωcm², the fill factor losses related to the series resistance can be estimated by the following empirical 
formula with an assumed photo-generated current of jph = 40 mA/cm²: 
 
οிிೞ
οோೞ
ൎ ͷǤ͹ ή Ψ
ଵஐ௖௠;
  for 0,4 ȍcm² < rs < 2,0 ȍcm²     (4) 
 
Fig. 16. Lateral resistance per unit length of fingers with 15, 30 and 50 
μm nominal width on the printing form, printed with the three different 
dip volumes of the anilox band sections.  
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Table 2 shows the results of the calculation for different numbers of busbar wires: 
 
The results show that the lateral resistance of flexo printed contact fingers are sufficient for the front side 
metallization of multi-busbar solar cells, if an adequate number of busbar wires is used. Assuming a lateral 
resistance of 1000 Ω/m for the contact fingers (which could be demonstrated for most fingers within the experiment) 
would lead to fill factor losses < 1 % if 15 or 20 busbars are used. The fill factor losses can be reduced down to 0.21 
% if contact fingers with 500 Ω/m can be realized. As several contact fingers with such a lateral resistance could be 
realized within the experiment, this goal seems to be realistic. In order to verify the calculated values, further 
activities will concentrate on the realization multi-busbar solar cells using flexographic printing for the front side 
metallization.  
  
4. Conclusions 
Within this work, fundamental printing tests have been carried out to evaluate the geometric and electric 
properties of flexo double printed finger test elements. Minimal finger widths down to 33 μm could be achieved. It 
could be shown that the anilox specification and the nominal width of finger elements on the printing form strongly 
affect the width of printed fingers. It was further found that anilox specifications with smaller dip volumes can help 
to reduce the printed finger width without deteriorating the lateral resistance of the fingers. An optimized ink 
formulation with increased viscosity might additionally reduce ink spreading. The height of the core conduction 
zone of the finger elements has been determined by SEM analysis between 5 and 8 μm for most fingers which is 
very promising. Lateral resistances in the range of 1000 Ω/m have been determined for the majority of measured 
contact fingers. A calculation has been carried out to evaluate the possible contribution of flexo printed contact 
 
No. of BB 
wires 
No. of contact 
fingers 
Lateral finger  
resistance RL [Ω/m] 
Finger contribution
to series resistance 
Δrs [Ωcm²] 
Estimated fill factor 
loss ΔFF [%] 
     
5 180 1500 1.048 5.97 
     
 200 1000 0.629 3.58 
     
 160 500 0.393 2.24 
     
10 144 1500 0.323 1.84 
     
 130 1000 0.240 1.37 
     
 120 500 0.130 0.74 
     
15 120 1500 0.172 0.98 
     
 115 1000 0.120 0.68 
     
 
110 500 0.063 0.36 
     
20 115 1500 0.101 0.57 
     
 110 1000 0.070 0.40 
     
 105 500 0.037 0.21 
     
 
Table 2.  Contribution of contact fingers to series resistance and fill factor losses  
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fingers to the total series resistance and fill factor of virtual multi-busbar solar cells. The results show that the 
contribution of the lateral finger resistance to rs and FF is satisfactory, if 15 or 20 busbar wires are used (assuming a 
realistic lateral contact finger resistance of 1000 Ω/m or less). 
Summarizing the results it can be stated that flexographic printing represents a very promising approach for the 
front side metallization of multi-busbar solar cells. Future investigations will concentrate on the verification of the 
calculated results as well as further optimization of finger width and lateral resistance.  
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